Although the excretion of ammonia into urine has been extensively studied, there is little information in animals or man concerning the quantitative and regulatory aspects of the ammonia released into the renal veins. Previous observations in this laboratory and in others have demonstrated that the kidney consistently releases ammonia into the systemic circulation of normal subjects and patients with liver disease whose arterial ammonia concentrations are normal (1-5). Patients with liver disease and moderate to marked hyperammonemia, however, usually release minimal quantities of ammonia into their renal veins and occasionally exhibit renal uptake of ammonia from the circulation (2). -In order to further define the possible role of the blood ammonia concentration on renal ammonia release, acute hyperammonemia has been induced in normal subjects and the subsequent changes in renal vein ammonia release and urine ammonia excretion determined.
Although the excretion of ammonia into urine has been extensively studied, there is little information in animals or man concerning the quantitative and regulatory aspects of the ammonia released into the renal veins. Previous observations in this laboratory and in others have demonstrated that the kidney consistently releases ammonia into the systemic circulation of normal subjects and patients with liver disease whose arterial ammonia concentrations are normal (1) (2) (3) (4) (5) . Patients with liver disease and moderate to marked hyperammonemia, however, usually release minimal quantities of ammonia into their renal veins and occasionally exhibit renal uptake of ammonia from the circulation (2) . - In order to further define the possible role of the blood ammonia concentration on renal ammonia release, acute hyperammonemia has been induced in normal subjects and the subsequent changes in renal vein ammonia release and urine ammonia excretion determined.
METHODS
Nine patients without hepatic or renal disease were studied. All were hospitalized ambulatory males ranging in age from 28 to 49 years. Subj ects were studied in the recumbent position after an overnight fast. In order to initiate a water diuresis, 1,000 to 1,500 ml of water was ingested 30 minutes to 1 hour before each procedure. A constant intravenous infusion (Bowman pump) which delivered 14 to 18 mg of para-aminohippurate (PAH) per minute was maintained throughout the study period and was preceded by a priming dose calculated to provide plasma levels of approximately 2 mg per 100 ml. The water diuresis was maintained throughout the procedure by the intravenous infusion of 5 per cent dextrose and water at a rate of 15 to The concentration of ammonia in arterial blood is the resultant of a number of factors, including the rate of production and utilization by various tissues and the rate of diffusion into and out of cells. In normal subjects and patients with liver disease without hyperammonemia, the blood ammonia appears to be largely of renal origin (1, 2). Liver (2, 4), muscle (15, 16) , and brain (15, 17) , as measured by A-V differences, primarily serve to remove ammonia from the circulation under basal conditions. The present study provides quantitative data on the amount of ammonia normally released into the renal venous circulation and also indicates that the kidney's role as a donor of ammonia to the circulation can be abruptly altered by acutely increasing the blood ammonia concentration. Recent quantitative studies in cirrhotics with chronic hyperammonemia have shown a marked decrease in renal vein ammonia release when compared to subjects with normal blood ammonia concentrations (18) . Indeed, net removal of ammonia from the circulation has occasionally been observed (2). The notion that the level of the arterial ammonia concentration may be a factor governing the release of ammonia into the renal veins is supported by the results presented in the present acute experiments. In each subject, hyperammonemia induced by intravenous ammonium lactate was associated with a prompt decrease in renal vein ammonia release, with net uptake of ammonia from the circulation by the kidney being observed in eight of nine studies. Further evidence to support the role of the arterial ammonia concentration may be obtained from the prompt return to resting release within 15 minutes after ammonium lactate was discontinued, a time when the arterial ammonia concentrations were normal to slightly elevated. The precise level of arterial ammonia concentration at which uptake occurs is not evident from these data. It is apparent, however, that this level is significantly above normal and that there is considerable individual variation. Subject C.L., for example, continued to release ammonia despite an arterial concentration of 540 jug per 100 ml, whereas J.H. exhibited uptake at an arterial concentration of 240 ,tg per 100 ml.
The precise mechanism involved in the movement of ammonia from tubular cell to tubular urine and peritubular fluid has not been clearly elucidated. Currently available evidence based primarily on urine studies suggests that ammonia escapes from the renal tubular cells as molecular NH. by a process of passive diffusion (19) (20) (21) . The relative amounts appearing in each fluid, i.e., tubular urine and peritubular fluid, appear to depend on intracellular ammonia concentration, the pH of each surrounding fluid, and the fluid flows past the cell membranes. Under normal conditions, the escaping NH3 rapidly traps protons forming ammonium ion (NH,+). Since cell membranes in general are relatively impermeable to NH4 , back diffusion into the tubular cells is minimized. Ammonia in blood even during extreme hyperammonemia exists primarily in the NH4+ form. The concentration of NH3 represents only a minute fraction of the total blood ammonia concentration (22) , and in the present study is obviously of insufficient magnitude to explain the alterations in renal ammonia balance across the renal circulation during ammonium lactate infusion. It would seem likely, therefore, that the renal tubular cells removed significant quantities of NH4+ from the blood during these experiments. Liver, muscle and brain also appear to remove NH4+ under similar conditions of induced hyperammonemia (17, 18) .
The level of circulating ammonia also appears to affect the quantity of ammonia excreted into urine. A significant increase in mean urine ammonia excretion occurred in association with mean net removal of ammonia from the circulation. An increase in tubular ammonia secretion probably occurred during this period since only 40 to 50 per cent of the observed increment can be explained by filtration, even assuming no reabsorption during tubular passage. The augmented urine ammonia excretion occurred in association with a slight but significant increase in mean urine pH. Under most conditions, acute increases in ammonia excretion are associated with decreases in urine pH since increased H+ ion concentrations facilitate the escape of ammonia from the tubular cells. The observed increase in urine pH could result froir an increased exchange of cellular NH + for urinary sodium (23) , or from increased diffusion of NH3 from cell to urine, thereby trapping H+ ions and thus allowing further H+ ions for sodium exchange. A similar pattern of augmented urine ammonia excretion in association with an increase in urine pH has been observed following amino acid loads (24, 25) . Presumably the common factor in each of these situations is aln increase in renal tubular cell ammuninonia concentration.
Although there are relatively few observations on the relationship of resting urine pH to the release of ammonia into the renal veins, studies previously reported (3) suggest that there is little correlation within a range of urine pH of 4.99 to 7.15. It has been clearly shown, however, that acute increases in urine pH following carbonic anhydrase inhibition (3, 26) or metabolic alkalosis (18) are associated with rapid increases in ammonia released into renal veins, a rapid decrease in urine ammonia excretion, and an essentially unchanged total bidirectional release. These changes appear to occur irrespective of the level of control arterial ammonia concentration.
Quantitatively, the increase in urine ammonia excretion in these experiments was partially balanced by the renal uptake of ammonia from the circulation. Indeed, the magnitude of this uptake was such that it more than made up for the increase in urine ammonia excretion and resulted in a significant decrease in net release of ammonia by the kidney in the four patients who had simultaneous measurements. These observations suggest that net renal ammonia production was decreased during the ammonium lactate infusion.
The origin of urine and renal vein ammonia and the mechanisms of its escape from or entry into renal tubular cells are not answered by these experiments. Regardless of the mechanisms involved, it is clear that the kidney serves to lower the blood ammonia concentration during hyperammonem-nia by decreasing its release and by increasing urine ammonia excretion. These alterations would appear to be of clinical importance in patients with liver disease by aiding in the regulation of blood ammonia concentration. Since moderate amounts of oral ammonium chloride result in significant and often marked elevations of arterial ammonia concentration (27) , the present observations may also be of importance in partially explaining the augmented urine ammonia excretion seen during chronic ammonium chloride loads (19, 28) . The increased urine ammonia excretion which attends amino acid loads is also associated with striking elevations of the blood ammonia concentration (29) . During intravenous glycine infusions, renal ammonia production ap-pears to increase, an(l l)restlllmalbly the increased aimmonia app)eari1ig in the relal veins l)partially accounts for the increase(l 1loo0(1 ammonia concentration (30) . Whether the increase in urine ammonia excretion seen following oral or intravenous loading with other amino acids is related to augmented production or hyperammonemia must await more definitive studies.
SUMMARY
The release of ammonia into the renal veins was determined in nine normal subjects before, during and after the intravenous administration of isotonic ammonium lactate. Concomitant measurements of urine ammonia excretion were obtained in four catheterized subjects and in four additional individuals infused with similar quantities of ammonium lactate.
Hyperammonemia was associated with a prompt decrease in the amount of ammonia normally released into the renal veins with uptake of ammonia fromr the blood by the kidneys being observed in eight of nine subjects. Release reappeared and approximated control values 15 minutes after the infusion was terminated, a time when the blood ammonia concentrations were normal to slightly elevated.
Urine ammonia excretion increased two-to threefold during the infusion in association with a slight increase in urine pH, suggesting augmented tubular secretion. The resultant of these two processes, however, indicates an over-all decrease in bidirectional release and presumably in total ammonia production.
These observations provide additional evidence of the kidney's role in the regulation of the blood ammonia concentration and, in addition, demonstrate that the arterial ammonia concentration significantly influences urine ammonia excretion.
